Mitochondria play a primary role in the pathophysiology of Parkinson's disease (PD), and small molecules that counteract the initial stages of disease may offer therapeutic benefit. In this regard, we have examined whether the off-target effects of the Food and Drug Administration (FDA)-approved anti-helminth drug nitazoxanide (NTZ) on mitochondrial respiration could possess any therapeutic potential for PD. Results indicate that MPP ؉ -induced loss in oxygen consumption rate (OCR) and ATP production by mitochondria were ameliorated by NTZ in real time by virtue of its mild uncoupling effect. Pretreatment of cells with NTZ mitigated MPP ؉ -induced loss in mitochondrial OCR and reactive oxygen species (ROS). Similarly, addition of NTZ to cells pretreated with MPP ؉ could reverse block in mitochondrial OCR and reactive oxygen species induced by MPP ؉ in real time. The observed effects of NTZ were found to be transient and reversible as removal of NTZ from incubation medium restored the mitochondrial respiration to that of controls. Apoptosis induced by MPP ؉ was ameliorated by NTZ in a dose-dependent manner. In vivo results demonstrated that oral administration of NTZ (50 mg/kg) in an acute MPTP mouse model of PD conferred significant protection against the loss of tyrosine hydroxylase (TH)-positive neurons of substantia nigra. Based on the above observations we believe that repurposing of NTZ for PD may offer therapeutic benefit.
Parkinson's disease (PD) 3 is one of the most common neurodegenerative disorders that is characterized primarily by the loss of dopaminergic neurons in the substantia nigra pars compacta (SNPc) leading to dopamine deficit in the striatum. Mito-chondria were found to play an indispensable role in the onset and progression of PD (1) (2) (3) . In fact, PD mimetics, such as MPP ϩ and rotenone, happen to be the direct inhibitors at the complex-I of mitochondria (1) (2) (3) . Also, some of the PD-associated genes, such as parkin and pink-1 have been shown to directly affect the mitochondrial integrity by regulating its quality control, and mutations in these genes were found to be associated with familial PD (4 -6) . Indeed, complex-I activities were reported to be significantly reduced in postmortem samples of SNPc and platelets of PD patients (7, 8) . Further, the catalytic subunits of complex-I derived from PD patients were found to be oxidatively damaged (8) . Moreover, the pathogenesis of PD appears to be converging on common pathways, such as mitochondrial dysfunction followed by oxidative stress and protein aggregation, which ultimately leads to apoptosis (9, 10) . Therapeutic strategies employing antioxidants and iron chelators have been utilized in PD animal models with limited success (11) (12) (13) . Our earlier results demonstrated the neuroprotective effects of the mitochondria-targeted antioxidant MitoQ in cellular and animal models of PD (14) . In this regard, targeting the very initial steps of disease pathology employing small molecules capable of enhancing mitochondrial respiration and mitigating reactive oxygen species (ROS) appears to be the promising strategy in preventing the downstream biochemical abnormalities. A recent study identified the mitochondrial respiration-enhancing effects of some of the FDA-approved drugs, including the anti-helminth drug nitazoxanide (NTZ) (15) . Moreover, NTZ happens to be a highly bioavailable drug through oral route and has a better safety profile with a half-life of nearly 3.5 h and can reach the CNS (16, 17) . In the present study, we have investigated the efficacy of NTZ in dopaminergic cell lines against MPP ϩ -induced alterations in the mitochondrial bioenergetics as well as in an acute MPTP mouse model of PD in both preventive and therapeutic models. Our findings demonstrate that the mild uncoupling effects of NTZ could mitigate MPP ϩ -induced deleterious effects in both cellular and animal models of PD.
Results

NTZ prevents MPP ؉ -induced block in mitochondrial respiration and restores ATP production by its mild uncoupling effect
Based on some of the recent reports on the ability of NTZ in enhancing mitochondrial oxygen consumption rate (OCR), we examined whether this property of NTZ could ameliorate MPP ϩ -induced dysfunction in mitochondrial respiration. To examine this, we added either buffer or different concentrations of NTZ (0.25-10 M) directly to the human dopaminergic cells seeded in 24-well plate through one of the ports of the Seahorse flux analyzer and real-time OCRs were measured. Results indicate that NTZ dose-dependently increased cellular OCR as soon as it was added to the cells (Fig. 1B) . A substantial increase in OCR was evident starting from 1 M NTZ wherein an increase in the OCR from 220 to 250 pmol/min was evident, whereas at 5 M concentration there was a steep and significant increase from 220 to 369 pmol/min, and the values remained nearly constant until 2 h. At 10 M NTZ, although there was a steep increase in OCR during the initial 20 min, it gradually decreased until 2 h. Because NTZ consists of two basic chemical scaffolds/moieties, i.e. 2-amino-5-nitrothiazole (ANT) and O-acetyl-salicylamide (OAS), we next examined whether the effect of NTZ is because of any of these scaffolds. Addition of either ANT (1-10 M) or OAS (1-10 M) did not induce any increase in cellular OCR unlike NTZ (Fig. 1C ). 
Nitazoxanide mitigates experimental parkinsonism
Next, to examine whether the increase in OCR by NTZ is because of mitochondrial respiration or not, we have added assay medium that is devoid of pyruvate and malate to dopaminergic cells in a 24-well Seahorse assay plate in the presence or absence of NTZ (1-10 M) and found no increase in the OCR. However, addition of pyruvate and malate instantaneously increased OCR in control and NTZ-treated cells ( Fig.  2A ). There was a dose-dependent increase in OCR in cells incubated with increasing concentrations of NTZ ( Fig. 2A ). Addition of rotenone (1.5 M) almost completely inhibited the OCR in control as well as NTZ-treated cells to similar extents, indicating that NTZ-induced OCR is derived from mitochondrial respiration ( Fig. 2A ). To examine whether NTZ affects mitochondrial respiration at specific mitochondrial complexes, we have performed electron flow assay using permeabilized human dopaminergic cells in the presence and absence of different concentrations of NTZ (1-10 M) ( Fig. 2B ). Results indicate that there was a dose-dependent increase in OCR by NTZ in the pyruvate and malate (complex-I)-, succinate (complex-II)-, as well as ascorbate and TMPD (complex-IV)-induced respiration ( Fig. 2B ).
To examine whether NTZ mitigates MPP ϩ -induced block in the mitochondrial respiration, dopaminergic cells were seeded in 24-well assay plates and Mito Stress assay was performed with MPP ϩ in the presence or absence of NTZ, whereas control cells were treated with assay medium in place of MPP ϩ or NTZ under similar experimental conditions. Addition of MPP ϩ (100 M) gradually decreased the mitochondrial respiration as indicated by the decrease in OCR and virtually no respiration was evident at 2 h following addition of MPP ϩ . At this stage addition of oligomycin had negligible effect on the OCR, indicating that ATP generation was almost completely ceased in cells treated with MPP ϩ (Fig. 3A ). However, when MPP ϩ was added along with NTZ (1 M), there was a significant increase in the respiration (OCR) as compared with MPP ϩ treatment alone or controls which persisted until 2 h (Fig. 3A) . Addition of oligomycin to MPP ϩ ϩ NTZ-treated cells exhibited a decline in OCR, indicating that cells were capable of generating ATP (Fig.  3, A and B) . Under similar conditions, NTZ alone enhanced mitochondrial respiration and NTZ-treated cells could generate ATP nearly to the same extent as control cells (Fig. 3, A and  B) . However, at higher concentrations of NTZ (Ͼ5 M) cells 
exhibited a dose-dependent decrease in ATP production, possibly because of more uncoupling (data not shown). Nevertheless, there was a significant increase in proton leak in both NTZ alone and NTZ ϩ MPP ϩ -treated conditions (Fig. 3 , A and C). Addition of FCCP to cells resulted in a steep increase in OCR under all the treatment conditions, indicating the presence of intact functional mitochondria (Fig. 3A) .
To revalidate the obtained results and to examine the longterm effects of NTZ on MPP ϩ -induced block in ATP production, human dopaminergic cells were treated with MPP ϩ in the presence and absence of NTZ (1 and 5 M) for 4, 8, and 24 h and cellular ATP was estimated by luciferase-based assay method ( Fig. 3D ). Results demonstrate that treatment with MPP ϩ for 4, 8, and 24 h inhibited cellular ATP levels to nearly 40, 56, and Nitazoxanide mitigates experimental parkinsonism 60%, respectively, as compared with controls. At the 8 h time period, NTZ could significantly improve cellular ATP levels as compared with MPP ϩ treatment alone, but not at the 4 h time point. However, following 24 h incubation, NTZ significantly protected from MPP ϩ -induced loss in cellular ATP levels ( Fig.  3D ). NTZ per se decreased ATP levels as compared with controls at 4 and 8 h time periods, possibly because of its uncoupling effect. However, ATP levels were found to be nearly the same as controls at 24 h time period, indicating that the uncoupling effect of NTZ could be a transient event (Fig. 3D) .
The observed effects of NTZ were found to be reversible as cells treated with NTZ (1 M in assay medium) for 1 h exhibited a significant increase in basal respiration and proton leak with a concomitant decrease in ATP production ( Fig. 4, A and B) . However, replacement of NTZ-containing medium with fresh assay medium restored the basal respiration, proton leak, and ATP levels significantly (Fig. 4, A and B) . The observed uncoupling effects of NTZ may not be operative through uncoupling proteins (UCPs) or adenine nucleotide translocase as NTZ could induce OCR in the presence of GTP (UCP inhibitor) and carboxyatractyloside, a specific inhibitor of adenine nucleotide transferase ( Fig. 4 , C and D).
NTZ restores respiration in partially damaged mitochondria by MPP ؉
As the above results suggest that NTZ mitigates MPP ϩ -induced block in mitochondrial respiration, we next examined whether NTZ has the potential to restore respiration in mitochondria that were preincubated with MPP ϩ in which the respiration is completely ceased. To examine this, human neuroblastoma cells were incubated with MPP ϩ (100 M) for 2 h because at this time point there was no or negligible OCR as compared with control cells (Fig. 5A) . Interestingly, addition of NTZ (1 and 5 M) to MPP ϩ -treated cells immediately reversed the block in mitochondrial respiration at both the concentrations examined, and the values were found to be substantially higher than control cells ( Fig. 5A) .
Similarly, dopaminergic cells treated with MPP ϩ (1 mM) for 12 h exhibited a 2.5-fold increase in mitochondrial ROS as measured by MitoSOX staining (Fig. 5 , B and C). Either pretreatment of cells for 1 h with NTZ followed by 12 h incubation with MPP ϩ or posttreatment of NTZ for 1 h to cells that were preincubated with MPP ϩ for 12 h significantly reduced MitoSOX staining to nearly the control values ( Fig. 5 , B and C).
NTZ ameliorates MPP ؉ -induced loss of mitochondrial membrane potential, ROS, and apoptosis
Addition of MPP ϩ (500 M) to N27 cells (rat midbrain-derived dopaminergic cell line) for 24 h resulted in a substantial increase in depolarized mitochondria as indicated by an increase in the net green fluorescence (JC-1 staining) as well as cellular ROS (DCF staining) ( Fig. 6, A and B) . However, pretreatment of cells with NTZ (1 M) prevented MPP ϩ -induced loss in mitochondrial membrane potential as well as oxidative stress (Fig. 6, A and B) . Also, treatment of N27 cells with MPP ϩ (0.5 mM) for 24 h resulted in a 6.8-fold increase in apoptosis as indicated by caspase-3 activity ( Fig. 6C ). However, pretreatment of cells with 1, 5, or 10 M NTZ prior to the addition of MPP ϩ (500 M) resulted in a significant decrease in the caspase-3 activation from 6.8-fold to 5.3-, 3.8-, and 3.3-fold, respectively. Under similar experimental conditions, NTZ per se at these concentrations did not induce any significant apoptosis in cells ( Fig. 6C ).
To know whether the observed effects of NTZ could be because of any of its antioxidant activity, in vitro DPPH radical scavenging activity of NTZ (1-25 M) was performed and vitamin C was used as a positive control. As shown in Fig. 6D , NTZ did not exhibit any antioxidant activity (DPPH radical scavenging activity) up to 25 M concentration. However, under similar conditions, vitamin C dose-dependently inhibited DPPH radical production ( Fig. 6D ).
NTZ prevents MPTP-induced loss of TH-positive neurons in vivo
To evaluate the in vivo effects in a preventive model, NTZ (50 mg/kg body weight) was administered orally for 7 days following treatment with MPTP (20 mg/kg, four injections at 2-h intervals) in an acute mouse model of PD (Fig. 7 , A-C). For therapeutic model, NTZ (50 mg/kg body weight) was administered orally starting from 8th day post MPTP treatment (20 mg/kg, four injections at 2-h intervals) and continued the same until 14th day. Results demonstrate that although there was an intense staining of TH-positive neurons in control animals, staining of the same was significantly reduced on days 7 and 14 following MPTP treatment ( Fig. 7B ). However, a significant recovery in TH staining was evident in NTZ ϩ MPTP-treated group as compared with MPTP treatment alone. Under similar experimental conditions, administration of NTZ alone did not induce any significant loss in TH staining ( Fig. 7, B-F) . In the therapeutic model, administration of NTZ post MPTP treatment could not significantly restore the TH staining of SNPc or striatum to that of control values or 7th day post MPTP treatment. However, as compared with day 14 MPTP treatment, the TH staining in the SNPc and striatum was significantly restored in MPTP ϩ NTZ group. The above data clearly suggest that NTZ could not reverse the loss of TH-positive neurons but has the ability in delaying the death of existing dopamine neurons of SNPc ( Fig. 7 , B-E). The locomotor activity of the animals as measured by open field test reflected the above findings ( Fig.  7F ). MPTP-treated animals exhibited a time-dependent loss in the locomotor activity as compared with controls. Pretreatment with NTZ (NTZϩMPTP 7D group) significantly alleviated MPTP-induced (MPTP 7D group) loss in motor activity. However, in the therapeutic model, administration of NTZ 7 days post MPTP treatment for 7 consecutive days significantly restored motor activity of mice as compared with 14 days post MPTP treatment (MPTP 14D group), but the values were not significant as compared with 7 days post MPTP treatment (MPTP 7D group). Mice treated with NTZ alone exhibited motor activity similar to that of control group (Fig. 7F ).
Discussion
Mitochondrial dysfunction was found to be associated with several neurodegenerative diseases, and defects in various mitochondrial respiratory chain complexes have been detected in Alzheimer's, Parkinson's, and Huntington's diseases (18, 19) . 
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Several lines of evidence implicate PD as a free radical disease involving mitochondrial dysfunction leading to the production of free radicals and energy failure (10, 20, 21) . Increased oxidative damage and aggregation of the protein ␣-synuclein (␣-syn) were found to be characteristic hallmarks of PD (22) .
In fact, various attempts have been made to understand the pathways leading to the aggregation of ␣-syn, and inhibitors of ␣-syn aggregation, active and passive immunization against ␣-syn, are under focus (23) . As oxidative stress resulting from mitochondrial damage happens to play a pivotal role in the pathophysiology of PD, numerous attempts have been made over the decades to find a cure employing antioxidants and iron chelators, AAV2-neurturin, creatine, and pioglitazone, but they were found to have no significant effect on disease progression (24 -27) . In fact, we reported earlier that the mitochondria-targeted antioxidant MitoQ, as well as some of the lipophilic iron chelators, confer significant protection in cellular or animal models of PD (13, 14) . However, several of these observations could not reach clinics because they are either toxic (26) or by the time the disease is evident, it was found to be too late to rescue the remaining dopamine neurons (28, 29) . Currently, isradipine, caffeine, nicotine, inosine, glial cellline derived neurotrophic factor, and ␣-syn immunotherapy are being focused on or under clinical trials for the treatment of PD (27) . 
Recently, more attention has been paid to understanding the role of mitochondrial uncoupling proteins (UCPs) as their activity was found to have a profound influence on mitochondrial biogenesis, calcium flux, free radical production, and neuronal function. In fact, UCP-4A was found to play a protective role in PD models (30 -32) . Based on the above observations, attempts have been made to examine the protective role of pharmacological small molecule uncouplers in neurodegenerative disease processes. Earlier reports indicate that uncouplers, such as FCCP, 2,4-dinitrophenol (DNP), were found to be toxic and this was attributed to their plausible off-target effects and narrow therapeutic index (33, 34) . However, the liver-targeted form of DNP viz. DNP methyl ether was found to protect against fatty liver and hyperglycemia because of its wide therapeutic index (35) . Also, low concentrations of DNP were found to protect from cerebral ischemia as well as amyloid-␤ peptideinduced toxicity by scavenging mitochondrial free radicals (36, 37) . Because of the increasing importance of uncouplers in therapeutic research, new molecules are being synthesized that are less toxic (34, 35) .
In line with the above observations, repurposing of FDAapproved drugs appears to be a safer option for PD patients in terms of both safety as well as cost effectiveness, provided they can confer significant protection. Recently, the respiration-enhancing properties of FDA-approved drugs have been assessed and nitazoxanide was among them (15) . It was interesting to find that NTZ happens to be one of the safest and most bioavailable drugs that can reach the CNS. Oral doses of 4 g in healthy adults did not induce any significant adverse effects, and in animals the LD 50 was found to be more than 10 g/kg (oral) (16, 17) . Although NTZ was designed to inhibit pyruvate-ferredoxin oxidoreductase (PFOR) under anaerobic conditions, it was also found to enhance mitochondrial respiration in mammalian cells in recent studies (15, 38) . Prompted by these initial observations, we have examined the effect of NTZ and some of its core functional groups, such as ANT and OAS, on cellular 
OCR and noticed that NTZ dose-dependently enhanced OCR as measured by Seahorse flux analyzer in real time, but not the individual scaffolds (Fig. 1) . NTZ-induced OCR is not specific to individual respiratory complexes, but appears to exhibit this effect on the overall mitochondrial respiration (Fig. 2) . Also, NTZ-induced OCR was associated with an increase in the proton leak with a concomitant decrease in ATP production and these effects were found to be reversible ( Figs. 3D and 4, A and  B) . The observed uncoupling effects of NTZ do not appear to be mediated through either UCPs or adenine nucleotide translo-case as treatment of cells with GTP or carboxyatractyloside (CAT) could not prevent NTZ-induced OCR (Fig. 4, C and D) . Treatment of cells with the parkinsonian mimetic MPP ϩ resulted in a gradual decrease in the mitochondrial respiration and by the end of 2 h there was hardly any noticeable OCR in MPP ϩ -treated cells. However, the mitochondria were in a highly coupled state at this stage as addition of FCCP induced a rapid increase in OCR in MPP ϩ -treated cells. It has been well established that higher levels of ROS accumulate in mitochondria following perturbation of electron transport chain in a 
tightly coupled mitochondria (33) . However, by allowing protons into the mitochondrial matrix uncouplers play a pivotal role in neutralizing mitochondrial ROS and essentially we found the same in cells treated with NTZ and MPP ϩ . NTZ per se increased OCR because of its mild uncoupling effect with a negligible reduction in ATP levels at 1 M concentration; however, it could significantly relieve the block in OCR and increase ATP production in MPP ϩ -treated cells (Fig. 3) . Also, treatment of cells with NTZ significantly reversed MPP ϩ -induced loss in cellular ATP levels by 24 h (Fig. 3D) . Nevertheless, no significant cell death was observed even at the highest concentrations of NTZ employed for up to 24 h (data not shown). NTZ instantaneously enhanced the mitochondrial OCR in cells that were pretreated with MPP ϩ for 2 h, wherein, there was a complete block in respiration implying that NTZ could restore respiration in partially damaged mitochondria (Fig. 5A) . In fact, the mitochondrial ROS induced by MPP ϩ over a period of time could be nullified soon after the addition of NTZ (Fig. 5, B and C), indicating that it has good therapeutic potential. As symptoms of PD are apparent following a significant loss of dopamine neurons of SNPc, compounds that can energize the existing cellular mitochondria and quench ROS might hold greater therapeutic potential in terms of delaying the disease progression. Also, NTZ prevented the loss of mitochondrial membrane potential, accumulation of ROS, as well as apoptosis induced by MPP ϩ over a 24-h time period (Fig. 6 , A-C) possibly because of its mild uncoupling effect as it did not possess any antioxidant activity per se (Fig. 6D ). Oral administration of NTZ conferred significant protection in an acute MPTP mouse model of PD against the loss of TH-positive neurons of SNPc and locomotor activity in both preventive and therapeutic models (Fig. 7, A-F) .
A survey of the literature at this juncture indicates that uncouplers of mitochondrial respiration not only mitigate mitochondrial free radicals but, during this process, also activate cellular autophagy (39, 40) . These properties appear to be the most sought after ones for any anti-parkinsonism drug as they might clear the buildup of abnormal protein aggregates and improve the cellular respiration. In line with the above observations, it has been reported recently that NTZ enhances autophagy (41) , and we also observed similar results (data not shown). Although a recent study indicated that preformed ␣-synuclein aggregates could not be cleared merely by inducing autophagy, it was surmised that enhanced autophagic flux could prevent accumulation of protein aggregates in cells (42) . Hence, the mild uncoupling effects of NTZ in conjunction with its autophagy-enhancing property might confer potential therapeutic benefit to counter PD.
Overall, the present study demonstrates the ability of NTZ in mitigating MPP ϩ -induced biochemical abnormalities under both in vitro and in vivo conditions by preventing the buildup of toxic mitochondrial ROS. NTZ also improved mitochondrial OCR and nullified ROS in cells that were preexposed to MPP ϩ , indicating that it may have disease-delaying effects. Because NTZ is an FDA-approved drug with a very good safety profile and has the ability to reach the CNS, it appears to be a promising candidate for the treatment of PD. However, the chronic effects of NTZ, if any, needs to be carefully examined to take the present findings further.
Experimental procedures
Materials
Nitazoxanide; MPP ϩ iodide; MPTP hydrochloride; oligomycin; FCCP; rotenone; antimycin A (AA); pyruvate; malate; succinate; ascorbate; TMPD; ATP; and the dyes, JC-1, carboxyatractyloside (CAT), GTP, and carboxyl H 2 -DCF-DA, were purchased from Sigma. 2-Amino-5-nitrothiazole (ANT) was from HiMedia (India). O-acetyl-salicylamide was a generous gift from Dr. Chinaraju Bhimapaka from CSIR-Indian Institute of Chemical Technology (India). Luciferase-based assay kit for ATP measurement was from Sigma.
Cell culture
The human SK-N-SH and rat N27 dopaminergic cells were grown in Dulbecco's modified Eagle's medium and RPMI 1640 (containing 10% fetal bovine serum, 2 mmol/liter L-glutamine, 100 units/ml penicillin, and 100 units/ml streptomycin), respectively, at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. For cell culture experiments, after attaining 70 -80% confluence and before 12 h of treatments, the cell culture media were replaced with 2% serum-containing media. Unless otherwise mentioned, cells were pretreated with NTZ 60 min before exposure to MPP ϩ for indicated time intervals.
Mito Stress assay
Mitochondrial bioenergetics employing whole cells was measured in a Seahorse XF24 extracellular flux analyzer. SK-N-SH cells (30,000/well) were plated in 24-well Seahorse assay plate a day before the experiment. Before taking the readings, media were replaced with assay medium and cells in 24-well assay plate were incubated in a non-CO 2 incubator for 1 h as per the manufacturer's protocol (Seahorse Bioscience). The four ports of the plate were filled with either NTZ (1-5 M, final concentration) or MPP ϩ (100 M, final concentration), oligomycin (1 M, final concentration), FCCP (1 M, final concentration), rotenone ϩ antimycin A (2 M each, final concentration), respectively. Oxygen consumption rate (OCR) was recorded after the addition of contents from each port for a period of 20 min to 2 h as per the design of experiment. At the end of experiment, cells were lysed using 0.1 NaOH and the protein content was measured by Bradford assay (Sigma). The recordings were normalized to the total cellular protein content in each well.
In other experiments, basal OCR was monitored for 20 min and then NTZ or its individual chemical moieties, such as O-acetyl salicylamide (OAS) and 2-amino-5-nitrothiazole (ANT), were added directly through port A, whereas control cells were treated with equal volumes of buffer and OCR was monitored further for 2 h.
To examine the ability of NTZ in reversing MPP ϩ -induced block in mitochondrial respiration, cells in 24-well Seahorse plate were treated directly with MPP ϩ (100 M final concentration) through port A, whereas control cells received equal volumes of buffer in place of MPP ϩ . Following 2 h of treatment with continuous monitoring of OCR, NTZ (1 and 5 M final Nitazoxanide mitigates experimental parkinsonism concentration) was added to MPP ϩ treated cells. In parallel, control and MPP ϩ treatments alone were added with equal volumes of buffer and OCR was monitored further for 50 min.
To examine the reversible nature of NTZ-mediated effects, cells were pretreated with NTZ (1 M) for 1 h. Before placing the plate into the flux analyzer, medium containing NTZ was replaced with fresh assay medium in some wells and the plate was incubated in a non-CO 2 incubator for additional 1 h and Mito Stress assay was performed as described above.
ANT and UCP inhibition assay
SK-N-SH cells (30,000/well) were plated and grown in 24-well Seahorse analyzer plate for 24 h. Just before the initiation of assay, cells were washed twice with 1ϫ Mitochondrial Assay Solution (MAS) buffer and permeabilized with 1.0 nM XF PMP reagent (Seahorse Bioscience) and simultaneously cells were supplemented with pyruvate (10 mM), malate (1 mM), and ADP (4 mM). OCR was recorded for 20 min before the addition of GTP (4 mM) or CAT (3 g/ml) through port A, whereas control cells were treated with equal volumes of buffer through port A. OCR was recorded further for 20 min and cells were treated with either NTZ or FCCP through port B (control cells were treated with equal volumes of buffer) and the changes in OCR were recorded for an additional 25 min before terminating the assay.
Electron flow assay
SK-N-SH cells (30,000/well) were plated in 24-well Seahorse assay plate. Before initiating the experiment, the complete media was replaced with Mitochondrial Assay Solution (1ϫ: 70 mM sucrose, 220 mM mannitol, 10 mM KH 2 PO 4 , 5 mM MgCl 2 , 2 mM HEPES, 1.0 mM EGTA, and 0.2% (w/v) fatty acid-free BSA, pH 7.4 at 37°C) and XF PMP reagent as recommended by the manufacturer (Seahorse Bioscience). Briefly, pyruvate (10 mM) and malate (1 mM) were used as substrates along with ADP (4 mM). Final concentrations of the compounds that were injected through respective ports into each well of 24-well plate are as follows: (a) rotenone (2 M), (b) succinate (10 mM), (c) antimycin A (2 M), (d) ascorbate (10 mM) ϩ TMPD (0.5 mM). Initially, pyruvate-and malate-induced OCR was measured for 10 min, rotenone was added through port A and the drop in OCR was recorded for 10 min. Later, succinate was added through port B and OCR was recorded for 10 min for succinate-induced OCR. Similarly, antimycin A was added through port C and the drop in OCR was recorded for 10 min. Lastly, ascorbate and TMPD were added through port D to measure the complex-IV (cytochrome C oxidase)-induced OCR.
DPPH-antioxidant assay
The antioxidant activity of NTZ was analyzed using DPPH (2, 2-diphenyl-1-picrylhydrazyl) assay as described earlier (43) . Briefly, different concentrations of compounds in 2 l were added to the reaction mixture containing methanolic solution of DPPH (100 M, 98 l) in 96-well plate. The plate was incubated in dark for 30 min and absorbance was measured at 520 nm using a microplate reader (EnSpire, PerkinElmer).
JC-1 staining
The membrane-permeable dye JC-1 was used to assess the changes in mitochondrial membrane potential in N27 cells as described earlier (14) . Briefly, following the termination of incubation, cells were washed twice with Dulbecco's phosphate-buffered saline (DPBS) and treated with JC-1 at a final concentration of 5 g/ml in fresh serum-free culture medium and then incubated at 37°C for 30 min. Later, cells were gently washed with DPBS and fixed with 4% paraformaldehyde and the fluorescence images were captured using Olympus fluorescence microscope under FITC and rhodamine filter settings.
Caspase-3 activity assay
The increase in fluorescence because of the release of 7amino-4-trifluoromethylcoumarin (AFC) from the tetra peptide substrate, acetyl-DEVD-AFC was considered as a measure of caspase-3 activity and was performed as described previously using N27 cells (13) . Increase in fluorescence because of the release of AFC (excitation 400 nm and emission 505 nm) was monitored every 5 min for up to 1 h at 37°C in a microplate reader (EnSpire, PerkinElmer). The obtained fluorescence values were normalized to the total protein content.
ATP measurement by luminescence
Cellular ATP levels were measured using ATP bioluminescent somatic cell assay kit according to the manufacturer's protocol (Sigma). Briefly, following the termination of incubation, cells in 6-well plates were collected by trypsinization and 50 l of cell suspension was added to 150 l of 1.5ϫ ATP releasing reagent (Sigma). The samples were mixed thoroughly and the emitted luminescence was measured immediately in a microplate reader (EnSpire, PerkinElmer).
ROS detection
Intracellular ROS generation was monitored using the fluorogenic probe 6-carboxy-2Ј,7Ј-dichlorofluorescein diacetate (carboxy H 2 DCF-DA) (Sigma) as described previously (13) . The mitochondrial superoxide was measured using MitoSOX dye as per the manufacturer's protocol (Invitrogen). Briefly, following the termination of incubation, medium was aspirated and N27 cells were washed twice with DPBS. Fresh serum-free culture medium containing 10 M carboxy H 2 DCF-DA or MitoSOX was added and the cells were incubated further for 30 min at 37°C in a humidified cell culture incubator. Later, the medium was aspirated, cells were washed three times with ice cold DPBS and fixed using 4% paraformaldehyde. The presence of ROS in cells was measured by the increase in the intensity of DCF fluorescence and MitoSOX red fluorescence under FITC and rhodamine filter settings, respectively, using an Olympus fluorescence microscope from at least five different fields of view.
In vivo experiments
Male C57BL-6J mice (6 -8 weeks), weighing 22-25 g were divided into six groups of six animals in each group: (a) control, (b) MPTP (7 days), (c) MPTP (14 days), (d) NTZ, (e) NTZ ϩ MPTP (pretreatment with NTZ, preventive model), and (f) MPTP ϩ NTZ (posttreatment with NTZ, therapeutic model).
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Acute dosage of MPTP was given to mice (20 mg/kg, four injections at 2-h intervals) intraperitoneally as described earlier (44) . For preventive model, a day before MPTP injection, NTZ was administered orally (50 mg/kg) and continued daily for 7 days post MPTP treatment. To study the therapeutic effects, NTZ (50 mg/kg) was administered on the 8th day following MPTP treatment and the dosage was continued up to the 14th day. Following the termination of experiment, animals in each group were perfused (whole body perfusion) using 4% paraformaldehyde in phosphate buffered saline. The fixed and frozen midbrain region was sectioned (25 m) using a cryotome (Leica). The viability of dopamine neurons of SNPc and the TH fiber density in striatum was analyzed by immunohistochemistry using anti-tyrosine hydroxylase antibody (Sigma) followed by alkaline phosphatase-labeled secondary antibody (Sigma) for SNPc and biotinylated HRP-labeled secondary antibody followed by staining with NovaRED substrate for striatum (Vector Laboratories). TH-positive neurons were visualized using an inverted microscope (Olympus) and density of TH staining was quantified employing ImageJ software. All the experimental protocols used were approved by Institutional Animal Ethical Committee (IAEC) and were in accordance with the NIH guidelines for the care and use of laboratory animals.
To examine the effects of NTZ on locomotor activity of mice, an open field test (OFT) was performed after the end of the experiment. Briefly, the mouse was placed at the center of the arena and allowed to explore the apparatus freely for 5 min with the experimenter out of the animal's sight. A white square arena (50 ϫ 50 ϫ 45 cm) was used for the test. The total distance traveled by each animal was analyzed using video-tracking software (SMART, Panlab, Barcelona, Spain).
Statistical analysis
Unless otherwise stated, all the experiments were performed at least two times and each condition was analyzed in triplicates (n ϭ 6). Results were expressed as mean Ϯ S.D. or mean Ϯ S.E. as indicated. Statistical significance was determined by either one-way (single variable) or two-way (for multiple variables) analysis of variance (ANOVA) using GraphPad Prism software version 7.03. 
